INTRODUCTION
γ-hydroxybutyric acid (GHB) is an endogenous short chain fatty acid found in the mammalian brain. It is also present in mammalian tissues such as liver, kidney, heart, and skeletal muscle (1) . GHB is approved in the United States under the trade name of Xyrem® (Jazz Pharmaceuticals, Palo Alto, CA) for the treatment of narcolepsy associated with catalepsy. However, GHB is widely abused as a recreational drug due to its euphoric effects and as a means of drug-facilitated sexual assault for its hypnotic effects thereby limiting its therapeutic potential (2) . GHB overdose can result in severe adverse effects such as sedation, coma, hypothermia, respiratory depression, and death (3, 4) . According to a recent report, cardiorespiratory depression was one of the most common causes of GHB related lethality (5) . There is currently no approved treatment for GHB overdose and treatment is limited to supportive care.
GHB exhibits dose-dependent pharmacokinetics both in rats and humans (6, 7) . The nonlinearity in pharmacokinetics has been attributed to its saturable metabolism, saturable oral absorption and saturable renal reabsorption (7) (8) (9) . Renal clearance is a minor pathway of GHB elimination at low doses but becomes the predominant route for its elimination at higher doses (9, 10) . This nonlinearity in renal clearance of GHB is due to the saturation of its active renal reabsorption in the renal proximal tubule, a process mediated by a family of transporters known as monocarboxylate transporters (MCTs) (9, 11) . MCTs are proton dependent transporters that are responsible for the transport of short chain monocarboxylic acids including GHB (12) . MCT1 (SLC16A1), the most extensively characterized isoform is ubiquitously distributed throughout the body including kidney, intestine and brain, all of which are important for the disposition of GHB in the body (12) . Another transporter family involved in the transport of endogenous monocarboxylates is the sodium coupled MCTs (SMCTs), which contains only two members SMCT1 (SLC5A8) and SMCT2 (SLC5A12). SMCTs share similar substrate specificity but are more limited in their distribution when compared to MCTs, with SMCT1 protein being detected in kidney, intestine, salivary gland, thyroid gland, brain, and retina (13) . These act as a symporter and are dependent on a sodium gradient for their functional activity (13, 14) . Previous work from our laboratory has demonstrated that GHB is a substrate for MCT 1, 2, and 4 (11, 15) and SMCT1 (16) . Our laboratory has further evaluated MCT inhibition as a potential treatment strategy for GHB overdose by inhibiting its active renal reabsorption mediated by MCTs (9) . Administration of MCT inhibitors such as Llactate (inhibits proton-and sodium-dependent transporters) and luteolin (inhibits proton-dependent transporters) results in an increase in GHB renal and total clearance in rats (17, 18) . Additionally, the administration of L-lactate, in combination with osmotic diuretic mannitol, increases the renal clearance of GHB in healthy human volunteers (19) .
GHB is known to bind to both GHB and GABA B receptors in the brain, with its pharmacological effects such as sedation, hypothermia and respiratory depression mediated by binding to GABA B receptors (20) (21) (22) . Treatment with GABA B receptor antagonists results in an improvement in these toxicodynamic end points. Apart from the role of MCTs in the renal reabsorption of GHB, they play an important role in the entry of GHB into the brain, which is its site of action (23) (24) (25) . Recent results from our laboratory have shown that L-lactate, although not a very potent MCT inhibitor, when administered at higher doses (plasma steady state L-lactate concentrations ≈ 4-5 mM) can result in decreased extracellular fluid concentrations of GHB in the frontal cortex in rats; lower doses of L-lactate (plasma steady state L-lactate concentrations ≈ 1-2 mM) have no significant effect (26) . These data suggest that MCT inhibition at the blood-brain barrier can serve as an additional mechanism of action in treating GHB overdose.
Recently, a class of immunosuppressive compounds has been identified as potent MCT inhibitors and has been shown to inhibit both rat and human lymphocyte proliferation (27, 28) . Additionally, these compounds showed activity in an in vivo model of graft-versus-host response and high-and lowresponder cardiac transplant models in rats (27) . One of the compounds of this class, AR-C155858 (Fig. 1) , has been shown to be a tight-binding non-competitive MCT1 inhibitor with a K i value of approximately 2.3 nM in rat erythrocytes which express only MCT1 (29) . AR-C155858 can also inhibit MCT2 but does not inhibit MCT4.
The objective of this work was to evaluate the effects of the novel and highly potent MCT inhibitor, AR-C155858, on intravenous GHB toxicokinetics and toxicodynamics, using respiratory depression as an end point. We also assessed the effects of AR-C155858 on the brain distribution of GHB. We further explored the use of this inhibitor as a potential treatment strategy for overdose following oral GHB administration which is the common mode of GHB ingestion in a recreational setting. Finally, preliminary studies to evaluate the mechanism of AR-C155858 inhibition of GHB uptake were performed in vitro by characterizing its effect on GHB uptake in KNRK cells, a rat kidney cell line.
MATERIALS AND METHODS

Chemicals and Reagents
Sodium GHB was provided by the National Institute on Drug Abuse. Deuterated GHB (GHB-d 6 ) was purchased from Cerilliant Corporation (Round Rock, TX). Highperformance liquid chromatography grade acetonitrile and acetic acid were purchased from Honeywell Burdick & Jackson (Muskegon, MI). 6-[(3,5-Dimethyl-1H-pyrazol-4-
)-dione (AR-C155858) was purchased from Chemscene (Monmouth Junction, NJ). KNRK cells were purchased from American Type Culture Collection (Manassas, VA).
Animals and Surgery
Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 270 to 330 g were used for all the experiments. Animals were housed under controlled temperature and humidity with an artificial 12 h light/dark cycle, and food was available ad libitum. Animals were allowed to acclimate to their environment for a minimum of 1 week before surgery. The jugular and femoral vein cannulae were surgically implanted under anesthesia with ketamine/xylazine. Cannulae were flushed daily with 40 IU/ml heparinized saline to maintain patency. Rats were allowed a minimum of 72 h for recovery from surgery before conducting experiments. All animal procedures were approved by University at Buffalo Institutional Animal Care and Use Committee.
Toxicokinetic/Toxicodynamic Studies
Effect of AR-C155858 on Toxicokinetics and Respiratory Depression of Intravenous GHB
The effect of AR-C155858 on GHB-induced respiratory depression was studied using whole-body plethysmography (model PLY4213; Buxco Research Systems, Wilmington, NC) similar to our previously published studies (22) . Animals were allowed to acclimate to the plethysmography chambers for 45 min followed by collection of five baseline measurements of respiratory parameters over 15 min. GHB was administered intravenously as 200, 600 or 1500 mg/kg bolus with or without AR-C155858 (1 or 5 mg/kg i.v. bolus). In the GHB 600 mg/kg group, a lower dose of AR-C155858 (0.1 mg/kg i.v. bolus) was also administered. In all the treatment groups, AR-C155858 was administered 5 min after GHB administration. This experiment was performed at a similar time and in a similar manner to our previous study assessing respiratory effects of GHB alone (22) ; therefore, data from rats administered GHB 200, 600, and 1500 mg/kg alone were used from the previous publication for comparison purposes. The time of GHB administration was considered as time 0. Blood and urine samples were collected at intervals up to 8 h after GHB administration. The respiratory parameters, breathing frequency, tidal volume, and minute volume (breathing frequency x tidal volume) were recorded at 2.5, 5, 7.5, 10, 15, 20, 25, and 30 min and every 15 min thereafter until 8 h. In all groups of animals, GHB was administered as a 300 mg/ml solution in sterile water via the jugular vein cannula. The AR-C155858 bolus was administered as a 0.1, 1 or 2.5 mg/ml solution in 10% cyclodextrin in normal saline via the jugular vein cannula. All the treatment groups included 3-6 animals and were compared with their respective GHB alone group to determine the effects of AR-C155858 on GHB-induced respiratory depression. A separate group of animals received AR-C155858 alone (1 mg/kg i.v. bolus) to study the effect of this inhibitor itself on respiration.
Effect of AR-C155858 on GHB Blood-Brain Partitioning at Steady State
To assess the effect of AR-C155858 on the transport of GHB into the brain, GHB (400 mg/kg i.v. bolus followed by 208 mg/kg/h i.v. infusion) was administered alone or in combination with AR-C155858 (5 mg/kg i.v. bolus) (n=4). The GHB dose was selected to produce steady-state GHB plasma concentrations of 800 μg/ml, similar to the high concentrations of GHB observed in rats after 600 mg/kg GHB i.v. used in the toxicokinetic study above. In addition this GHB concentration is similar to those seen in clinical cases of GHB overdose (5) . The animals were euthanized at 4 h post GHB administration under isoflurane anesthesia followed by collection of blood and brain samples at steady state. Brain samples were immediately frozen in liquid nitrogen and stored at −80°C until analysis.
Effect of AR-C155858 on Oral GHB Toxicokinetics
Because GHB is commonly abused orally, the effect AR-C155858 was assessed on GHB toxicokinetics after oral administration in rats. Animals were administered GHB by oral gavage with or without AR-C155858 (5 mg/kg i.v. bolus). AR-C155858 was either administered 5 min or 1 h post GHB administration (n=4-6). In another group of animals, both AR-C155858 (10 mg/kg) and GHB (1500 mg/kg) were administered at the same time by oral gavage. Rats were fasted overnight before drug administration. Blood and urine samples were collected at intervals up to 15 h after GHB administration. GHB alone was administered as a 300 mg/ml solution in water and AR-C155858 as a 2.5 mg/ml solution in 10% cyclodextrin in normal saline.
Sample Analysis
GHB plasma, urine and brain concentrations were measured using previously validated liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS) assay (22, 30) . Briefly, plasma samples were prepared by adding 5 μl of internal standard solution containing GHB-d 6 (125 μg/ml) to 50 μl of sample. Plasma standards and quality controls were prepared by adding 5 μl of internal standard solution containing GHBd 6 (125 μg/ml) and 5 μl of stock solution containing GHB to 45 μl of blank plasma, and 800 μl of 0.1% formic acid in acetonitrile was added to precipitate the plasma proteins. The samples were vortexed, followed by centrifugation at 10,000 g for 20 min at 4°C. An aliquot (750 μl) of the supernatant was aspirated and evaporated under a stream of nitrogen gas. The samples were then reconstituted in 250 μl of aqueous mobile phase.
AR-C155858 plasma concentrations were determined using a newly developed and validated LC/MS/MS method. Samples were prepared by adding 800 μl of 0.1% formic acid in acetonitrile to 50 μl of plasma sample. Plasma standards and quality controls were prepared by adding 800 μl of 0.1% formic acid in acetonitrile to 45 μl of blank plasma plus 5 μl of AR-C155858 stock solution. The samples were vortexed followed by centrifugation at 10,000 g for 20 min at 4°C. An aliquot (750 μl) of the supernatant was collected and then evaporated under a stream of nitrogen gas, followed by reconstitution in 250 μl of aqueous mobile phase.
The LC/MS/MS assay was performed on Agilent 1100 series HPLC with binary pump and autosampler (Agilent Technologies, Santa Clara, CA) connected to a Perkin Elmer Sciex API 3000 triple-quadruple tandem mass spectrometer with a turbo ion spray (Applied Biosystems, Foster City, CA). Chromatographic separation was achieved by injecting 7 μl of sample on an Xterra MS C18 column (250×2.1 mm i.d., 5-μm particle size; Waters, Milford, MA). Mobile phase A consisted of 5/95 acetonitrile/water with 0.1% acetic acid and mobile phase B was 95/5 acetonitrile/water with 0.1% acetic acid. The flow rate was 200 μl/min with a gradient elution profile and a total run time of 20 min. The mass spectrometer was operated in a positive ionization mode with multiple reaction monitoring. Q1/Q3 m/z ratio for the parent/product ion of AR-C155858 was 462.3/373.2. The mass spectrometer parameters were optimized at a declustering potential of 35 V, focusing potential of 100 V, collision energy of 25 V, entrance potential of 10 V, and collision cell exit potential of 5 V. The ion spray voltage was set at 5500 V with temperature at 350°C. Nebulizer and curtain gas flow were set at 7 and 8 ml/min, respectively. The retention time for AR-C155858 was 5.65 min. The data was analyzed using Analyst software version 1.4.2 (Applied Biosystems, Foster City, CA).
Regression analysis of AR-C155858 peak areas to its concentrations was utilized to assess linearity of the curve. The intra-day and inter-day precision and accuracy were determined using quality control samples at 1 ng/ml (low QC), 25 ng/ml (medium QC) and 40 ng/ml (high QC). For determination of the intra-day precision and accuracy, quality control samples were analyzed in triplicate on each day whereas for the inter-day precision and accuracy, quality control samples were analyzed on three different days. A calibration curve was run on each analysis day along with the quality controls. The precision was determined by the coefficient of variation (CV%) and accuracy was measured by comparing the calculated concentration to the known concentration.
Data/Statistical Analysis
Noncompartmental analysis was performed using Phoenix WinNonlin software (Pharsight, Palo Alto, CA) to determine GHB toxicokinetic parameters. Area under the plasma concentration-time curve (AUC) was determined using the trapezoidal method, with AUC values extrapolate to time infinity. The extrapolated AUC accounted for 2% or less of the total AUC after IV administration. Total clearance (CL) or oral clearance (CL/F) was determined as dose/AUC. Renal clearance (CL R ) was determined as A e /AUC, where A e is the total amount of GHB excreted in the urine. Urine samples were collected over time and the urinary amounts of GHB plateaued to a constant value, demonstrating complete collection. Metabolic or nonrenal clearance (CL M ) was determined as CL -CL R .
To assess the effect of AR-C155858 on GHB-induced respiratory depression, the toxicodynamic descriptors of area under the effect curve (AUEC), maximum effect (E max ) and duration of effect (T d ) were used. AUEC was determined using Phoenix WinNonlin software. In all studies, mean values were compared using Student t-test or one-way analysis of variance followed by Tukey's post hoc test for the detection of statistically significant differences in toxicokinetic/toxicodynamic parameters. Differences resulting in a P-value<0.05 were considered statistically significant.
AR-C155858 Cell Uptake Studies
KNRK cells (a normal rat kidney cell line transformed by Kirsten murine sarcoma virus) were grown in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum, 100 units of penicillin, and 100 μg/ml streptomycin. Cells were incubated at 37°C in a humidified atmosphere with 5% CO 2 /95% air. Culture medium was changed every 2 to 3 days, and cells were passaged biweekly using 0.25% trypsin-EDTA. For the experiments, passage numbers between 7 and 9 were used. Cells were seeded in 35 mm (diameter) plastic dishes 2-3 days before the uptake study at a density of 2×10 5 cells/well. On the day of the experiment, the culture medium was removed, and cells were washed three times with uptake buffer (137 mM NaCl, 5.4 mM KCl, 2.8 mM CaCl 2 , 1.2 mM MgCl 2 .6H 2 O, and 10 mM HEPES, pH 6.5). To study the time dependent inhibition of AR-C155858 on GHB uptake, the cells were pre-incubated with 100 nM of AR-C155858 in uptake buffer for 0, 5, 15, 30, 45 and 60 min at room temperature. The AR-C155858 solution was aspirated and one ml of uptake buffer containing 10 μM 3 H] GHB and AR-C155858 for 1 min at pH 6.5. The reversibility of inhibition by AR-C155858 was also studied by washing the cells three times with room temperature uptake buffer after pre-incubation with the inhibitor followed by addition of a solution containing GHB alone over 1 min. Previous work indicated that 1 min is within the time of linear uptake of GHB in KNRK cells. The uptake was stopped by aspirating the buffer and washing three times with ice-cold uptake buffer. The cells were lysed in 0.5 ml of lysis buffer (1 N NaOH) for 1 h. After cell lysis, NaOH was neutralized by the addition of 0.5 ml 1.0 N HCl. Radioactivity was determined by adding 3 ml of scintillation fluid to 400 μl of cell lysate and counting with a liquid scintillation counter (1900 CA, Tri-Carb liquid scintillation analyzer; PerkinElmer Life and Analytical Sciences, Waltham, MA). Protein concentrations were determined by the bicinchoninic acid protein assay with bovine serum albumin as the protein standard. The results were normalized for the protein content of the cell lysate.
RESULTS
Plasma AR-C155858 LC/MS/MS Assay
The lower limit of quantification for AR-C155858 in rat plasma was found to be 0.5 ng/ml with acceptable error in precision and accuracy of less than 20%. The standard curve range for AR-C155858 was 0.5 to 50 ng/ml based on regression analysis of peak areas to AR-C155858 concentrations with a correlation coefficient (r 2 >0.999). The intra-day and inter-day precision and accuracy of the quality control samples are summarized in Table 1 .
Effect of AR-C155858 on Intravenous GHB Toxicokinetics/Toxicodynamics
Plasma concentrations of GHB (200, 600 and 1500 mg/kg) in the presence of different doses of AR-C155858 (0.1, 1 or 5 mg/kg) is displayed in Fig. 2 . AR-C155858 administration resulted in a significant decrease in GHB plasma exposure. Noncompartmental analysis of GHB plasma concentrationtime profile showed that there was a significant increase in the time-averaged GHB renal and total clearance following AR-C155858 treatment at all the doses of GHB used in this study, as shown in Table 2 . Interestingly, AR-C155858 (1 mg/kg) administration also resulted in a significant increase in GHB non-renal (metabolic) clearance at GHB 200 and 600 mg/kg. AR-C155858 plasma concentrations following 0.1, 1, and 5 mg/kg i.v. bolus exhibit a biexponential decline and doseproportional pharmacokinetics, as shown in Fig. 3 .
The effects of AR-C155858 on GHB-induced respiratory depression are displayed in Fig. 4 . Following a dose of GHB 200 mg/kg, AR-C155858 treatment resulted in an improvement in GHB-induced respiratory depression, measured by a decline in the breathing frequency. This is shown by a significant decrease in the AUEC for breathing frequency and also a decrease in the duration of response (T d ) as displayed in Table 3 . There was no change in E max for breathing frequency by AR-C155858 at this lowest dose of GHB. Following a dose of GHB 600 mg/kg, AR-C155858 (1 and 5 mg/kg) administration significantly improved all the toxicodynamic parameters of breathing frequency (AUEC, E max , and T d ). A lower dose of AR-C155858 0.1 mg/kg, however, only led to improvement in the parameters of AUEC and T d with no significant improvement in E max . Similar improvement in respiratory depression following AR-C155858 treatment was observed at a higher dose of GHB (1500 mg/kg) as demonstrated by an improvement in all the toxicodynamic parameters (AUEC, E max , and T d ). AR-C155858 had no effects on respiration by itself.
Effect of AR-C155858 on GHB Blood-Brain Partitioning
The effect of AR-C155858 5 mg/kg on GHB brain and plasma concentrations at steady-state are displayed in Table 4 . AR-C155858 administration resulted in a significant decrease in GHB brain and plasma concentrations at steady state. This resulted in a significant decrease in GHB brain/plasma ratio as shown in Table 4 .
Effect of AR-C155858 on Oral GHB Toxicokinetics AR-C155858 treatment, either 5 min or 1 h post GHB administration, resulted in a significant increase in GHB renal, as well as oral clearance, with no effects on GHB metabolic clearance (Table 5 ). The C max of GHB was not affected by intravenous AR-C155858 suggesting minimal GHB (200, 600, and 1500 mg/kg) was administered as an i.v. bolus with or without AR-C155858 (0.1, 1 or 5 mg/kg). AR-C155858 was administered 5 min after GHB administration. Data presented as mean (SD), n=4-6. One way analysis of variance followed by Tukey's post-hoc test (GHB 600 and 1500 mg/kg) or Student's t-test (GHB 200 mg/kg) was used to determine statistically significant difference between treatment groups. * P<0.05 significantly different from their respective GHB alone group effects on its MCT-mediated absorption by this inhibitor (Fig. 5a ). The administration of AR-C155858 orally in combination with oral GHB resulted in a decrease in GHB C max ( Fig. 5b ) and increase in its renal and oral clearance with no changes in metabolic clearance as shown in Table 5 .
Effect of AR-C155858 on GHB Uptake in KNRK Cells
Since we observed an increase in renal clearance of GHB when animals were treated with GHB in combination with AR-C155858 treatment, we further characterized the inhibition by AR-C155858 in KNRK cells which is a rat kidney cell line. AR-C155858 demonstrated a time-dependent inhibition ( Fig. 6a ) of GHB uptake with maximal inhibition observed following 30 min of pre-incubation with this inhibitor. Therefore, 30 min pre-incubation was chosen for concentrationdependent inhibition studies. AR-C155858 displayed a linear trend in inhibition (70% inhibition) up to 30 nM with maximal inhibition at 100 nM (Fig. 6b) . The IC 50 of AR-C155858 for inhibition of GHB uptake was found to be 6.50 nM. Interestingly, this inhibition of uptake by AR-C155858 was found not to be rapidly reversible as observed by continued inhibition of GHB uptake when uptake was studied after washing the cells to remove the inhibitor (Fig. 6c) .
DISCUSSION
GHB is widely abused as a recreational drug at nightclubs and raves (31) . There is currently no approved treatment strategy for GHB overdose. GHB is a substrate for MCT1, a transporter with ubiquitous distribution in the body and responsible for its oral absorption, renal reabsorption and transport across the BBB (8, 9, 11, 24) . GHB has also been shown to be a substrate for SMCT1 in rat thyroid follicular cells (16); however, the importance of SMCT1 in the renal reabsorption of GHB is not yet completely understood. Previous studies have demonstrated that MCT inhibitors such as L-lactate and luteolin increase GHB renal and total clearance and improve GHB-induced respiratory depression and decrease sleep time (17, 18, 22) . In addition, L-lactate administration results in decreased GHB frontal cortex ECF concentrations with higher doses resulting in greater reductions (26) . In this study, we evaluated the effects of a novel and highly potent MCT inhibitor, AR-C155858, on the toxicokinetics/toxicodynamics of GHB following both intravenous and oral administration in rats. AR-C155858 is a potent MCT1 inhibitor recently developed as an immunosuppressive compound (27) . Ovens et al. recently characterized the properties of this inhibitor and determined a K i value of 2.3 nM for inhibition of lactate transport in rat erythrocytes (expresses only MCT1) (29) . In addition, when expressed in Xenopus laevis oocytes, both MCT1 and MCT2 were potently inhibited by AR-C155858, with no inhibition of MCT4. We performed studies with AR-C155858 in rat KNRK cells and found time-and concentration-dependent inhibition of GHB uptake with an IC 50 value of 6.8 nM, consistent with reports of inhibition of L-lactate uptake by AR-C155858 in rat erythrocytes (29) . Interestingly, the inhibition could not be reversed by simply washing the cells with buffer to remove the inhibitor. The binding site for AR-C155858 has been demonstrated to be present within the C-terminal half of MCT1 on the cytosolic side of the membrane and therefore, it was suggested that AR-C155858 must cross the cell membrane before binding to this intracellular site on MCT1 (29) . Therefore, the timedependence and non-reversibility of inhibition observed in our study could be due to a slow entry of AR-C155858 into the cell before its binding to MCT1, as well as a slow efflux from cells. Additionally, other possible explanations include mechanism-based inhibition of MCT1, as reported for OATP (32) .
The results of our toxicokinetic study showed that treatment with AR-C155858 significantly reduces GHB plasma concentrations following intravenous administration and increases both GHB time-averaged renal and total clearances at all the doses of GHB used in this study. The GHB doses in this study were selected to obtain plasma GHB concentrations that are relevant to concentrations of GHB observed in clinical cases of overdose (5) . The increase in GHB clearance by AR-C155858 was much greater when compared to other MCT inhibitors such as L-lactate and luteolin studied previously (17, 22) . This is consistent with our hypothesis that a more potent MCT inhibitor may represent a more effective treatment strategy for GHB overdose. However, effects of AR-C155858 were dose-dependent as its dose was increased from 0.1 to 1 mg/kg, with no further effect seen at a higher dose (5 mg/kg) when compared to that seen at 1 mg/kg. Evaluation of the mechanism underlying inhibition of MCTs by AR-C155858 requires further investigation in order to explain these results, taking into consideration the IC 50 and the potential non-reversibility of the interaction.
GHB exhibits capacity-limited metabolism and capacitylimited renal reabsorption (7, 9) . At lower doses, renal clearance is a negligible route of GHB elimination with the contribution of renal clearance increasing at higher GHB doses. Recent studies have shown that the administration of MCT inhibitor, L-lactate with a lower dose of GHB (200 mg/kg) Table 3 Effect of AR-C155858 on GHB-Induced Respiratory Depression GHB 200, 600, and 1500 mg/kg was administered as an i.v. bolus with or without AR-C155858 (0.1, 1 or 5 mg/kg). Data presented as mean (SD), n=3-6. AR-C155858 was administered 5 min after GHB administration. One-way analysis of variance followed by Tukey's post hoc test (GHB 600 and 1500 mg/kg) or Student's t-test (GHB 200 mg/kg) was used to determine statistically significant differences in mean toxicodynamic parameters between groups. *P<0.05 significantly different from respective GHB alone group results in an increase in GHB renal clearance without any increase in total clearance due to the negligible role of renal elimination at this dose (33) . Similar results were obtained in a pilot clinical study where no change in total oral clearance was observed with L-lactate (19) . In addition, another MCT inhibitor, luteolin, did not result in a significant increase in GHB clearance at a low GHB dose of 400 mg/kg (17) . We, therefore, studied the effects of the more potent MCT inhibitor, AR-C155858, at a lower dose of GHB, i.e. 200 mg/kg. Interestingly, we also observed a significant increase in GHB metabolic clearance following treatment with AR-C155858, in addition to an increase in its renal and total clearance. GHB is primarily metabolized by GHB dehydrogenase as well as a mitochondrial transhydrogenase (34) . To our knowledge, there is no report of AR-C155858 affecting the metabolism of GHB. The increase in metabolic clearance with AR-C155858 treatment is more likely an indirect effect due to the lower plasma concentrations caused by increased renal clearance, which would increase GHB metabolism since GHB metabolism exhibits Michaelis-Menten kinetics at this and higher doses. At this low dose, plasma concentrations are likely close to the K m value and so changes in GHB concentrations will produce pronounced changes in the metabolism of GHB. However, at higher GHB doses, plasma concentrations would still remain much greater than K m values for much of the time course, so little change would be evident in the time-averaged metabolic clearance. We have previously demonstrated that GHB causes a dosedependent respiratory depression in rats, measured by a decline in breathing frequency. The primary effect of GHB on respiration is a decrease in breathing frequency, accompanied by a compensatory increase in tidal volume, which allows minute volume to remain constant until doses approach lethality (22) . Therefore, we looked at the effects of AR-C155858 on breathing frequency as it is a more sensitive parameter to measure GHB-induced respiratory depression. Our results demonstrate a very significant improvement in GHB-induced respiratory depression following AR-C155858 treatment with a 5-6 fold reduction in the duration of respiratory depression observed at higher GHB doses. This rapid reversal of GHB-induced respiratory depression following AR-C155858 treatment can be partly explained by the increase in GHB renal and total clearance observed with this inhibitor. MCT1 is the only isoform present at the BBB and is largely responsible for GHB brain uptake (23) (24) (25) 35) . CL/F, GHB oral clearance (total clearance/bioavailability); CL R , GHB renal clearance; C max , maximum GHB plasma concentration; CL M , GHB non renal clearance GHB was administered by oral gavage. AR-C155858 (5 mg/kg) was administered as an i.v. bolus either 5 min or 1 h post GHB administration. AR-C155858 (10 mg/kg PO) was also administered together with GHB by oral gavage. Data are presented as mean±S.D., n=4-8. One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used to compare toxicokinetic parameters between treatment groups and GHB alone. *P<0.05 compared with GHB alone Therefore, along with effects on renal clearance, AR-C155858 may alter the entry of GHB into the brain, i.e., its site of action. This is further supported by a 3-fold reduction in brain/plasma partitioning of GHB under steady state conditions (GHB plasma steady state concentrations≈1000 μg/ml) with AR-C155858 administration observed in the current study. This GHB concentration was chosen to mimic GHB concentrations achieved in our toxicokinetic/toxicodynamic studies with intravenous bolus dosing. These results are also consistent with previous reports of improvement in respiratory depression by the MCT inhibitor, L-lactate (22) , where the effects were 3-fold lower than that observed with AR-C155858 in the current study. This can be explained by the considerable difference in potencies of these MCT inhibitors (36) . A recent report from our laboratory has shown that Llactate, at lower doses, does not affect GHB BBB transport, with effects observed only at higher L-lactate doses (26) . This could be the potential reason for significantly greater effects with AR-C155858 in the current study when compared to Llactate. These data further suggest the importance of inhibition of the MCT-mediated brain uptake of GHB for treatment of its overdose. ] GHB. For concentration-dependent inhibition, cells were pre-incubated for 30 min at 37°C with varying concentrations of AR-C155858. For reversibility of inhibition, GHB uptake was studied after 30 min pre-incubation with 100 nM AR-C155858 with or without a wash step (3 times) in between. Data represented as mean±SD of three sets of studies conducted in triplicate. One-way analysis of variance followed by Tukey's post-hoc test was used to determine statistically significant differences in GHB uptake after AR-C155858 treatment. *P<0.05 significantly from GHB alone Another interesting finding of the current study is that there was no significant improvement in breathing frequency by AR-C155858 at a dose of 5 mg/kg compared with a 1 mg/kg dose, similar with the effect of this inhibitor on GHB toxicokinetics. Previous reports have demonstrated that the sedative and hypnotic effects of GHB correlate with its brain concentrations (24, 30) . Therefore, our results suggest that the respiratory effects of GHB also correlate with its concentration in the brain and needs to be confirmed in future studies by measuring GHB brain ECF concentrations in the presence of AR-C155858.
In a recreational setting, GHB is commonly ingested by the oral route (37) . Therefore, we assessed the effects of intravenous AR-C155858 on GHB toxicokinetics after a high oral dose in rats to mimic clinically relevant conditions. It has been shown that GHB exhibits saturable oral absorption in rats illustrated by a less than proportional increase in GHB C max and AUC with increasing doses (7, 38) . This saturable absorption of GHB has been shown to be mediated by MCTs in the intestine (8, 39) . Our results show that intravenous administration of AR-C155858, 1 h after GHB administration increases its renal and oral clearance to similar extents when compared to GHB alone, with no effects on non-renal clearance. In addition, there was no change in GHB plasma C max following AR-C155858 treatment. The GHB dose used in these studies was 1500 mg/kg po, similar to that used in earlier studies where saturable and prolonged absorption was observed (38) . The effects of AR-C155858 are in contrast to what has been observed in earlier studies with L-lactate. Intravenous Llactate resulted in an increase in non-renal and total oral clearances of GHB (1500 mg/kg po) without changes in its renal clearance. The authors suggested that L-lactate may affect MCT-mediated absorption of GHB, leading to lower plasma concentrations and potentially increasing non-renal clearance due to its concentration-dependent and nonlinear behavior, thereby increasing total oral clearance without effects on renal reabsorption (38) . In our study, AR-C155858 increases total oral GHB clearance to the same extent as the increase in its renal clearance by inhibiting its MCT-mediated renal reabsorption. Both GHB and L-lactate are also substrates for sodium dependent MCTs (16) . Therefore GHB can be transported through the intestine by both MCTs and SMCTs but the relative contribution of MCTs and SMCTs to GHB intestinal transport is currently unknown. In addition, L-lactate can inhibit SMCTs in addition to MCTs. Although it is known that AR-C155858 inhibits both MCT1 and MCT2, its ability to inhibit SMCT1 is not yet known. The differential inhibitory effect of these inhibitors on SMCTs could potentially be one of the reasons for the observed differences in their effects. Recent work done in our laboratory characterizing the interaction of GHB with L-lactate using mechanistic TK/TD modeling study also supports a major role for SMCTs in the effects of lactate (40) . Further studies are however needed to confirm the mechanisms underlying the effects of L-lactate and AR-C155858 on high oral doses of GHB.
Due to the potential role of MCTs in GHB oral absorption, we also assessed the effects of oral administration of AR-C155858 on oral GHB toxicokinetics. The observed increase in total oral clearance can be explained by the increase in renal clearance of GHB, similar to what was observed after intravenous administration of AR-C155858. Further experiments are necessary to characterize the effects of AR-C155858 on the oral absorption of GHB, in order to assess any additional effects on absorption.
Our results demonstrate that AR-C155858 can serve as a potential treatment strategy for the treatment of GHB overdose. While AR-C155858 has been shown to have immunosuppressive effects (27) , which might limit its therapeutic potential, the doses of AR-C155858 used in this study are very low compared to the doses required to achieve immunosuppression. In addition, immunosuppression is observed after chronic administration of AR-C155858, in contrast to the acute administration used as a potential overdose treatment strategy.
CONCLUSIONS
In summary, the novel and highly potent inhibitor, AR-C155858 increases renal and total clearance of GHB following both intravenous and oral administration in rats. AR-C155858 also results in significant improvement of GHBinduced respiratory depression which may be mediated by inhibition of its renal reabsorption and brain uptake, both processes mediated by MCTs. Our studies demonstrate proof-of-concept in utilizing MCT inhibition as a potential treatment strategy by improving GHB-induced respiratory depression which leads to death in cases of GHB overdose.
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